The amplitude modulations (AMs) in speech signals are useful cues for speech recognition. Several adaptation mechanisms may make the detection of AM in noisy backgrounds easier when the AM carrier is presented later rather than earlier in the noise. The aim of the present study was to characterize temporal adaptation to noise in AM detection. AM detection thresholds were measured for monaural (50 ms, 1.5 kHz) pure-tone carriers presented at the onset ('early' condition) and 300 ms after the onset ('late' condition) of ipsilateral, contralateral, and bilateral (diotic) broadband noise, as well as in quiet. Thresholds were 2-4 dB better in the late than in the early condition for the three noise lateralities. The temporal effect held for carriers at equal sensation levels, confirming that it was not due to overshoot on carrier audibility. The temporal effect was larger for broadband than for low-band contralateral noises. Many aspects in the results were consistent with the noise activating the medial olivocochlear reflex (MOCR) and enhancing AM depth in the peripheral auditory response. Other aspects, however, indicate that central masking and adaptation unrelated to the MOCR also affect both carrier-tone and AM detection and are involved in the temporal effects.
INTRODUCTION
The amplitude modulations (AMs) in speech signals are useful cues for speech recognition (e.g., Lorenzi et al. 2006; Shannon et al. 1995; Zeng et al. 2005) . Several mechanisms may make the detection of AM in noisy backgrounds easier when the AM carrier is presented later rather than earlier in the noise. The aim of the present study was to characterize temporal effects on monaural AM detection in simultaneous ipsilateral, contralateral, and bilateral (diotic) noise.
One of the mechanisms that could facilitate AM detection in noise is the linearization of basilar membrane (BM) responses by activation of the medial olivocochlear (MOC) efferents. MOC efferents originate in the right and left medial superior olivary complexes and innervate outer hair cells (OHCs) at both cochleae (Guinan 2006) . Ipsilateral and contralateral sounds can activate ipsilateral and contralateral MOC efferents reflexively. The activation of MOC efferents hyperpolarizes OHCs (Blanchet et al. 1996) and reduces the motion of the BM for low-and mid-level sounds but not for high-level sounds, thus linearizing BM input/output curves (dashed line in Fig. 1a ) Guinan 2003, 2006; Murugasu and Russell 1996) . In noisy backgrounds, the leading noise could linearize BM responses by activation of the ipsilateral and/or the contralateral MOC reflex (MOCR). Such linearization could enhance the effective AM depth as represented at the output of the BM (compare the blue and black AM representations in the ordinate of Fig. 1a ) and thus facilitate AM detection.
The MOCR could also facilitate the detection of AM in noise by enhancing the representation of AM depth in the discharge rate of auditory nerve (AN) fibers. Winslow and Sachs (1988) measured AN fiber discharge rates to tone bursts in background noise with and without electrical stimulation of the olivocochlear bundle, as well as in quiet. They found that the background noise increased and decreased the discharge rate at low and high levels, respectively, thus reducing the dynamic range of AN fibers (compare the green dashed line with the continuous line in Fig. 1b) . The electrical stimulation of the olivocochlear bundle shifted the rate-level curve to higher levels but restored the dynamic range of AN fibers to values observed in quiet (blue dashed line in Fig. 1b) . The dynamic range restoration can improve the representation of AM depth in the discharge rate of AN fibers, at least for some carrier levels (compare the blue and green AM representations in the ordinate of Fig. 1b) , and thus facilitate AM detection. Furthermore, Winslow and Sachs (1988) calculated the just-noticeable difference in intensity in the absence and presence of MOC efferent stimulation with a statistical model, and observed that the AN dynamic range restoration improved the ability of single fibers to code signal intensity changes in the presence of broadband noise (their Fig. 12 ). This supports the idea that the MOCR could facilitate the perception of changes in intensity present in the fluctuations of an AM probe.
A third mechanism that could facilitate AM detection in noise is the adaptation of the dynamic range of central auditory neurons. Wen et al. (2009) reported that for a continuous sound of varying level, the dynamic range of AN fibers shifted to the most frequently occurring level in the sound. When the most frequent sound level was within the region of saturated responses, the level-varying stimuli reduced the firing rate and shifted the rate-level functions of AN fibers to higher levels, as depicted in Fig. 1c (see also Figs. 2a and 4a in Wen et al. 2009 ). Similar results were reported by Dean et al. (2005 Dean et al. ( , 2008 for neurons in the inferior colliculus, and by Watkins and Barbour (2008) for neurons in the auditory cortex. In noise backgrounds, the rate-level curves of auditory neurons could shift horizontally toward the noise level, and thus facilitate AM coding and detection when the carrier level is within the dynamic range of the adapted rate-level curve, as illustrated in Fig. 1c .
The present study was motivated by the hypothesis that the MOCR may facilitate the detection of AM in simultaneous noise. To our knowledge, only Almishaal et al. (2017) have investigated a related hypothesis. They measured AM detection thresholds for a narrow-band noise AM carrier centered at 5 kHz as a function of carrier level in the presence and in the absence of a 200 ms, 40 dB sound pressure level (SPL) ipsilateral notched noise precursor. Without the precursor, AM detection thresholds were worse at mid than at lower or higher levels. They argued that this was because BM responses are more compressive at mid-levels than at lower or higher levels. Compression would reduce the magnitude of the representation of envelope fluctuations in the mechanical BM response and thus hinder AM detection. Most importantly, however, they reported that AM detection thresholds improved, particularly at mid-to-high levels, when the noise preceded the probe. They reasoned that this improvement was consistent with the noise precursor activating the ipsilateral MOCR and linearizing BM responses (Fig. 1a) . They admitted, however, that their findings were equally consistent with the dynamic range adaptation mechanisms described above (Fig. 1c) enhancing AM depth cues, and that those mechanisms could not be ruled out as an explanation for (or a contributor to) their findings. To our knowledge, studies are lacking about temporal effects in AM detection for tonal carriers presented in simultaneous noise. Many studies, however, have investigated temporal effects on pure tone detection. Those studies have shown that the detectability of a short probe tone in noise improves when the tone onset is delayed in the noise compared to when it is presented at the noise onset, an effect known as 'overshoot ' (Zwicker 1965) . Overshoot was first explained in terms of short-term adaptation in the AN. The discharge rate of AN fibers would adapt in response to the long noise masker and much less so (or nothing at all) in response to the shorter probe tone (Smith and Zwislocki 1975) . The progressive adaptation to the masker would cause a progressive increase in the neural signal-to-masker ratio that could facilitate the detection of the probe when it is delayed from the masker onset. However, shortterm neural adaptation alone cannot explain the greater amount of overshoot at mid than at lower or higher levels (Bacon 1990; von Klitzing and Kohlrausch 1994) or the reduction in overshoot when contralateral precursors are used (Bacon and Liu 2000) . Many studies have suggested that the MOCR could be the major contributor to overshoot (Jennings et al. 2011 (Jennings et al. , 2016 McFadden et al. 2010; Schmidt and Zwicker 1991; Strickland 2001 Strickland , 2004 von Klitzing and Kohlrausch 1994; Walsh et al. 2010) . Other studies, however, have suggested that overshoot is unlikely related to the MOCR and is instead mediated by central auditory processes (Fletcher et al. 2013 (Fletcher et al. , 2015 Keefe et al. 2009; Verschooten et al. 2017) .
Here, we use the overshoot paradigm to investigate potential temporal effects on AM detection in simultaneous noise and the possible involvement of the MOCR in those effects. For this reason, our parameters and experimental conditions were selected based on the characteristics of the MOCR. We measured AM detection thresholds for 50 ms probes presented at the onset ('early' condition) and 300 ms after the onset ('late' condition) of a 60 dB SPL simultaneous noise. Because the overall onset time constant of the MOCR is about 280 ms (Backus and Guinan 2006), we assumed that the MOCR would be active in the late but not in the early condition. If the MOCR facilitates the representation of a sound's envelope in the mechanical BM response (by linearization of BM responses, Fig. 1a ) and/or in the AN response (by dynamic-range restoration, Fig. 1b) , then AM detection thresholds should be lower in the late than in the early condition.
Two experiments were conducted. Experiment 1 was aimed at comparing the magnitude of the temporal effect on AM detection thresholds for ipsilateral, contralateral and bilateral (diotic) noises. Lilaonitkul and Guinan (2009a) reported greater suppression of stimulus frequency otoacoustic emissions (OAEs) levels with bilateral than with ipsilateral or contralateral broadband noise (BBN) MOCR elicitors (their Fig. 3c ). This indicates a greater linearization of BM responses for bilateral than for unilateral MOCR elicitors. Based on this, we hypothesized that the temporal effect on AM detection thresholds would be larger for bilateral than for ipsilateral or contralateral noises. Experiment 2 was aimed at investigating the effect of contralateral noise bandwidth on AM detection thresholds. Contralateral BBN elicitors sup- press OAE levels more than narrow-band noise (NBN) or tone MOCR elicitors (Lilaonitkul and Guinan 2009a; Lisowska et al. 2002; Maison et al. 2000) . Based on this, we hypothesized that a BBN would produce greater temporal effects on AM-detection thresholds than a low-band noise (LBN).
GENERAL METHODS

Participants
Experimental procedures were approved by the Human Experimentation Ethics Committee of the University of Salamanca (Spain). A different number of normal-hearing subjects participated in each experiment (details are given below). Participants were volunteers and were not paid for their services.
Stimuli
Amplitude modulation detection thresholds were measured for a monaural probe presented in the left ear. The mathematical expression describing the AM probe was:
where m is the modulation depth (0 ≤ m ≤ 1), f m is the modulation rate (40 Hz), ϕ is the starting phase of the modulation (−π/2), f c is the carrier frequency (1.5 kHz), and t denotes time in seconds. The probe duration was 50 ms, including 4-ms raised-cosine rise/ fall ramps. To match the levels of the modulated and unmodulated probes, the amplitude of the AM probe was adjusted after applying the amplitude modulation. The characteristics of the probe were chosen considering three factors:
(1) The overall onset time constant of the MOCR is around 280 ms (Backus and Guinan 2006) , and the MOCR has a 20-30 ms period of Bhesitationô ver which it does not change behavioral or physiological responses (Backus and Guinan 2006) . Therefore, ideally the probe duration would need to be shorter than 30 ms to prevent the probe from activating the MOCR by itself. For low modulation rates, however, AM detection thresholds are higher for short than for long probes (Viemeister 1979) , presumably because the greater the number of modulation cycles in the probe, the more opportunities there are to sample the envelope fluctuations. A 30-ms probe would have made the AM task very difficult. As a compromise, we used a probe duration of 50 ms. This probe would have activated the MOCR minimally but at the chosen modulation rate (40 Hz), it had only two modulation cycles and so the AM-detection task was still hard.
(2) When BBN is used to activate the MOCR, MOCR suppression of OAEs is greater for a 1 kHz probe than for 0.5 or 4 kHz probes (Fig. 3 in Lilaonitkul and Guinan 2009a) . Therefore, the carrier frequency was chosen to be equal to 1.5 kHz to stay close to the frequency region where MOCR effects on OAEs are known to be stronger (the suitability of this choice is discussed in the Discussion). (3) The spectrum of an AM sinusoid contains the carrier frequency (f c ) and two sideband frequencies (f c ± f m ). AM detection thresholds were measured in quiet and in noise. The noise was either BBN (0.1-10 kHz) (Experiments 1 and 2) or LBN (0.1-1 kHz) (Experiment 2). The noise level was fixed at 60 dB SPL because it has been shown elsewhere that this type of noise is capable of activating the MOCR without activating the middle-ear muscle reflex (e.g., Aguilar et al. 2013) . The noise had a duration of 400 ms in all conditions and was gated with onset and offset raisedcosine ramps of 4-ms of duration. As explained in the Introduction, AM detection thresholds were measured for AM probes at the noise onset and 300 ms after the noise onset.
Procedure
AM detection thresholds were measured using a three-alternative forced-choice (3AFC) adaptive procedure. Three intervals were presented to the participants accompanied by lights in a computer monitor. Unmodulated carriers were presented in two of the intervals, and an amplitude modulated carrier (the 'target') was presented in another interval. The interval containing the target was chosen at random in each trial and participants were instructed to identify the target interval by pressing a key on the computer keyboard. Feedback was given to the participants on the correctness of their responses. Except in the quiet condition, the noise was presented in the three intervals. The time period between the intervals was 500 ms, and it was defined as the silence period between the offset and the onset of the noise, or as the silent period between the offset and the onset of the AM probe in the quiet condition.
1
The modulation depth of the AM probe (m) decreased after two successive correct responses and increased after an incorrect response (two-down, oneup adaptive rule). AM threshold was thus defined as the modulation depth giving 70.7 % correct responses in the psychometric function (Levitt 1971). The modulation depth varied using a logarithmic procedure as 20⋅log 10 (m). m was equal to 0 (−∞ dB) for unmodulated stimuli, and it was equal to 1 (0 dB) for 100 % modulation. The initial modulation depth was −6 dB, and changed by 4 dB until the second reversal in AM depth occurred and by 2 dB thereafter. The procedure continued until 12 reversals in modulation depth were obtained, and the AM detection threshold was calculated as the mean of the modulation depths at the last eight reversals. At least three AM thresholds were obtained for each condition and their mean was taken as the AM threshold. The standard deviations within and across measures for all participants were always less than 6 dB.
Carrier Detection Thresholds
In Experiment 1, AM detection thresholds were measured for probes at a fixed sound pressure level and at a fixed sensation level (SL) (see below) across conditions. To set the latter, absolute thresholds for the 1.5 kHz carrier were measured in the same conditions used to measure AM detection thresholds. That is, the carrier was presented monaurally in the left ear and its detection threshold was measured in quiet, in the presence of ipsilateral, contralateral, and bilateral (diotic) noise, and early and late in the noise (seven thresholds in total).
Absolute detection thresholds for the AM carrier tone were measured using a 3AFC, two-down, one-up adaptive procedure. Three intervals were presented accompanied by lights in a computer monitor, and the carrier tone was present in one of the three intervals chosen at random. In the conditions with noise, the noise was presented in the three intervals and the carrier tone was presented in only one of them. In the quiet condition, the carrier tone was presented in one of the intervals only. As in the AM experiment, the lights were presented gated with each interval, thus their duration was 400 ms in noise and 50 ms in quiet. The inter-stimulus time interval was 500 ms. Participants were instructed to identify the interval containing the tone by pressing a key on the computer keyboard, and feedback was given. The initial tone level was typically 60 dB SPL for ipsilateral and bilateral noises and 40 dB SPL for the contralateral noise or in quiet. The tone level decreased after two successive correct responses and increased after an incorrect response. The level change was 4 dB until the second reversal in level occurred, and 2 dB thereafter. The procedure continued until 12 level reversals occurred and the detection threshold was obtained as the mean of the carrier tone levels at the last eight reversals. The resulting threshold was discarded when the corresponding standard deviation exceeded 4 dB. Three valid threshold estimates were obtained for each condition and their mean was taken as the carrier detection threshold. The standard deviation of the three valid threshold estimates was less than 4 dB for all participants.
Apparatus
Stimuli were generated with custom-made Matlab software and played via an RME Fireface 400 soundcard at a sampling rate of 44.1 kHz, and with 24-bit resolution. In Experiment 1, stimuli were presented to the listeners using circumaural Sennheiser HD580 headphones; in Experiment 2 stimuli were presented using Sennheiser HD580 headphones for five listeners and Sennheiser HD265 headphones for the other seven listeners. Listeners sat in a double-wall sound attenuating booth during all measurements. Sound pressure levels were calibrated by placing the headphones on a KEMAR equipped with a Zwislocki DB-100 artificial ear connected to a sound level meter. Calibration was performed at 1 kHz only and the obtained sensitivity was used at all other frequencies.
Statistical Analyses
Repeated-measures analyses of the variance (RMANOVA) or paired Student's t test were used as appropriate to test for the statistical significance of temporal position, carrier level, noise laterality, and/ or noise bandwidth on across-subject mean carrier detection or AM detection thresholds (see below). As explained in the Introduction, we hypothesized that carrier detection thresholds or AM detection thresholds would be better (lower) in the late than in the early conditions. Accordingly, we applied one-tailed tests when testing for differences in temporal position (see below). We applied two-tailed tests for all other comparisons. For tests involving multiple groups or variables, post hoc pairwise comparisons were conducted using Bonferroni corrections for multiple comparisons. An effect was regarded as statistically significant when the null hypotheses could be rejected with 95 % confidence (p G 0.05).
EXPERIMENT 1: EFFECT OF NOISE LATERALITY ON AM DETECTION
The aim was to investigate the effects of noise laterality and probe level on monaural AM detection. AM detection thresholds were measured in quiet (Fig. 2a) , with BBN presented to the same ear as the probe (ipsilateral noise; Fig. 2b) , with BBN presented to the opposite ear from the probe (contralateral noise; Fig. 2c ), and with bilateral (diotic) BBN (bilateral noise; Fig. 2d ). For each of the three noise lateralities, AM detection thresholds were measured in the early and late conditions. This amounted to seven AM detection thresholds per listener: one in quiet plus six in noise (3 noise lateralities × 2 temporal positions). The seven conditions were administered in random order for each participant.
AM detection thresholds were first measured using AM carriers at 70 dB SPL in all conditions. We, however, expected overshoot to make the fixed-SPL carriers more audible in the late than in the early condition. The differences in audibility might have affected AM detection to some uncertain extent. For this reason, as a control, we measured carrier detection thresholds in the seven conditions and AM detection thresholds for carrier levels at 25 dB SL; that is, 25 dB above the individual detection threshold for the 1.5 kHz carrier tone in each condition. The corresponding SPL values are given in Table 1 .
Seven volunteers (five women) with normal clinical audiograms (thresholds ≤ 20 dB HL; ANSI 1996) and no self-reported history of hearing impairment participated in this experiment. Their mean age was 35.1 years (SD = 12.5 years). Except S4, all other participants were experienced in AM detection tasks. For participant S4, four AM detection thresholds were measured in each condition for the 70 dB SPL carrier level, and the first threshold estimate in each condition was regarded as training and discarded from further analysis. Subject S6 was available for a limited amount of time, enough to obtain her AM detection thresholds with the 70 dB SPL carriers but not the other thresholds. Table 1 Individual and mean sound pressure levels (in dB) corresponding to 25 dB SL. Values are missing for subject S6 because AM detection thresholds were not measured for the 25 dB SL carrier for that subject 
Carrier Detection Thresholds in Quiet
Individual thresholds for the 1.5 kHz carrier tone in quiet are depicted by circles in Fig. 3 (units in the right ordinate). Individual carrier thresholds measured in the presence of bilateral, ipsilateral and contralateral noises are illustrated by circles in Figs. 4, 5 and 6, respectively, with units in the right ordinates. Group mean thresholds are shown in Fig. 7 . Individual and mean thresholds were generally higher in noise than in quiet regardless of noise laterality. For the early condition, the mean increase was 30.3, 32.8 and 6.0 dB for bilateral, ipsilateral and contralateral noises, respectively; for the late condition, the mean increase was 28.1, 31.3 and 3.7 dB, respectively. All increases were statistically significant and were comparatively larger for ipsilateral or bilateral noises than for the contralateral noise.
Temporal Effect on Carrier Detection Thresholds
Figures 4 to 6 show the effect of temporal position on carrier detection threshold for each participant and noise laterality. For 16 of the 18 measures (6 subjects × 3 noise lateralities), thresholds were lower in the late than in the early conditions; the exceptions were S4 for an ipsilateral noise (Fig. 5 ) and S7 for a contralateral noise (Fig. 6 ). This shows that overshoot
Carrier threshold (dB SPL) AM threshold (dB) occurred for virtually all of the present participants and noise lateralities. Figure 7 illustrates across-subject mean carrier detection thresholds in the early and late conditions. A two-way RMANOVA was conducted to test for the effect of temporal position, noise laterality or their interaction on carrier detection thresholds. Thresholds were significantly lower in the late than in the early condition [F(1,5) = 19.8, p = 0.004]. Figure 8a shows the mean temporal effect on carrier threshold for the different noise lateralities; that is, the acrosssubject mean of early minus late threshold differences. The magnitude of the temporal effect was 2.3 dB (SD = 1.3) for bilateral, 1.5 dB (SD = 1.7) for ipsilateral, and 2.3 dB (SD = 1.4) for contralateral noises. Post hoc analyses showed that the temporal effect was statistically significant for bilateral (p = 0.004), ipsilateral (p = 0.042) and contralateral (p = 0.005) noises. The RMANOVA also revealed a significant effect of noise laterality [F(2,10) = 279.7, p G 0.001]. Carrier detection thresholds were higher for ipsilateral than for bilateral noises (p = 0.043), consistent with the existence of a binaural masking level difference (BMLD).
2 The interaction between temporal effect and noise laterality was not significant [F(2,10) = 0.81, p = 0.470], indicating that there were no statistically significant differences in the magnitude of the temporal effect across the three noise lateralities.
In summary, carrier detection thresholds were higher in the presence than in the absence of ipsilateral, contralateral, or bilateral noises. Thresholds were higher in the early than in the late condition, which demonstrated overshoot for the present participants. The magnitude of overshoot (or temporal effect) was not statistically different across noise lateralities.
AM Detection Thresholds in Quiet
Individual and mean AM detection thresholds in quiet are shown in Figs. 3 and 7 , respectively. Thresholds for the 70 dB SPL and 25 dB SL carriers are illustrated by triangles and square symbols, respectively, with units in the left ordinates. Mean AM detection thresholds were lower for the 70 dB SPL (mean = − 17.5 dB, SD = 3.6 dB) than for 25 dB SL carriers (mean = − 13.8 dB, SD = 2.9 dB) and the difference was statistically significant (N = 6, paired 2-tailed Student's t test, p = 0.009). These values and the effect of level were consistent with those reported elsewhere for similarly short carriers and low modulation rates (e.g., Viemeister 1979). Figure 7 shows that the AM detection thresholds were best (lowest) in quiet and got gradually worse (increased) in the presence of contralateral, ipsilateral or bilateral noise in the early condition. This pattern occurred both for 70 dB SPL and 25 dB SL carriers. A RMANOVA revealed a significant effect of noise laterality (none, contralateral, ipsilateral, or bilateral) on AM detection thresholds in the early condition for both the 70 dB SPL [F(3,18) = 51.6, p G 0.001] and 25 dB SL [F(3,15) = 17.9, p G 0.001] carriers. Post hoc pairwise comparisons revealed that AM detection thresholds in quiet were not statistically different from thresholds measured with contralateral noise (p = 0.079 at 70 dB SPL; or p = 1.0 at 25 dB SL), but they were lower than those measured with ipsilateral (p = 0.001 at 70 dB SPL; or p = 0.051 at 25 dB SL) or bilateral (p = 0.001 at 70 dB SPL, p = 0.003 at 25 dB SL) noises.
Temporal Effect on AM Detection Thresholds
Participants S4 and S5 could not detect the AM probe with bilateral BBN noise in the early condition, even when the modulation depth was 100 % (m = 1, 0 dB). In those cases, the AM threshold was arbitrarily set to − 1 dB (i.e., half the final step size in modulation depth), which was deemed more conservative than setting it to 0 dB for revealing any temporal effect on AM detection threshold. 2 We expected to see this BMLD because the detection threshold for a monaural pure tone embedded in noise improves when a contralateral correlated noise is added (e.g., Hirsh 1948; Blodgett et al. 1962 ). The mean BMLD in the present data was 2.8 dB, thus comparable with the BMLD at the same signal frequency (1.5 kHz) reported elsewhere for similar, albeit not identical, stimuli (Webster 1951 Thresholds were lower (better) in the late than in the early conditions for all participants and noise lateralities, except for S1 with a contralateral noise for whom thresholds were 1.8 dB better in the early than in the late condition. This indicates that presenting the probe 300 ms after the noise onset facilitated AM detection. Figure 8b shows that the average (mean ± SD) AM-detection threshold improvement was 4.0 ± 1.0, 2.8 ± 1.8 and 2.4 ± 2.5 dB for bilateral, ipsilateral, and contralateral noises, respectively. Figure 7 shows mean AM detection thresholds for the two temporal positions and for the three noise lateralities. For either temporal position, AM detection thresholds worsen gradually when going from the left-most to the right-most panel in the figure. That is, AM detection thresholds were smallest (best) with contralateral noise, followed by thresholds with ipsilateral noise, and were highest (worst) with bilateral noise.
A two-way RMANOVA was conducted to test for the effects of temporal position (early versus late), noise laterality (bilateral, ipsilateral, or contralateral) or their interaction on AM detection thresholds. AM detection thresholds were worse in the early than in the late condition [F(1,6) = 57.3, p G 0.001]. Post hoc analyses showed significantly worse AM detection thresholds in the early than in the late condition for bilateral (p G 0.001), ipsilateral (p = 0.003) and contralateral (p = 0.023) noises. The RMANOVA also showed a significant effect of noise laterality on AM detection thresholds [F(2,12) = 49.2, p G 0.001]: AM thresholds for the bilateral noise were worse than for the ipsilateral (p = 0.047) or the contralateral (p = 0.001) noises; thresholds were also worse for the ipsilateral than for the contralateral noise (p G 0.001). The interaction between temporal effect and noise laterality was not significant [F(2,12) = 1.3, p = 0.305]; that is, the magnitude of the temporal effect was not statistically different across the three noise lateralities.
Equal Sensation-Level Carriers. Individual AM detection thresholds for the 25 dB SL probes are represented by square symbols in Figs. 4 to 6. For bilateral noises, the pattern of results was consistent with that for the 70 dB SPL probes. For ipsilateral noises, the pattern of results was consistent for the two carrier levels except for S3 and S7, who went from having a clear temporal effect at 70 dB SPL to not having one at 25 dB SL. This is curious for S7, because the carrier SPLs were barely different between the two conditions (Table 1) . For contralateral noises, only three of the six participants (S1, S4, and S5) showed better thresholds in the late than in the early conditions; the other three participants (S2, S3 and S7) had very similar AM detection thresholds in the two temporal positions. This may be due to the low sensation level of the probe, and will be discussed later. Figure 8c shows that the average (mean ± SD) temporal effect on AM detection thresholds was 3.1 ± 1.4, 1.7 ± 1.9, and 1.8 ± 3.4 dB for bilateral, ipsilateral and contralateral noises, respectively.
As for the 70 dB SPL probes, AM detection thresholds worsened gradually when going from the left-most to the right-most panels in Fig. 7 , indicating that AM detection was easiest with the contralateral noise, followed by the ipsilateral noise, and became most difficult with the bilateral noise.
A two-way RMANOVA indicated worse AM thresholds in the early than in the late condition [F(1,5) = 11.9, p = 0.009]. The temporal effect was significant for the bilateral (p = 0.002) and ipsilateral (p = 0.036) noises, but not for the contralateral noise (p = 0.123). shows the mean of seven subjects, while panels a and c show the mean of six subjects. Error bars illustrate one standard deviation of the mean. Asterisks indicate statistical significant differences at p G 0.05 (*), p G 0.01 (**) and p G 0.001 (***)
The RMANOVA also revealed a significant effect of noise laterality on AM detection thresholds [F(2,10) = 17.7, p = 0.001]. AM detection thresholds were worse for bilateral than for contralateral noises (p = 0.017). They were also worse for ipsilateral than for contralateral noises (p = 0.006). However, thresholds for bilateral and ipsilateral noises were not statistically different (p = 0.095). The interaction between the temporal effect and noise laterality was not significant Altogether, these results indicate that the temporal effect on AM detection threshold was unlikely due to improved audibility of the AM carrier in the late compared to the early condition.
In summary, AM detection thresholds were best (lowest) in quiet and worst (highest) in the presence of a bilateral noise. Bilateral and ipsilateral noises produced a significant temporal effect on AM detection thresholds for carriers with both equal SPLs and equal SLs. Contralateral noises, by contrast, produced a significant temporal effect on AM detection thresholds for carriers at fixed SPL only. Although the mean temporal effect was slightly greater for bilateral than for ipsilateral or contralateral noises, the effect of noise laterality was not statistically significant. The size of the temporal effect was not statistically different for 70 dB SPL and 25 dB SL probes.
EXPERIMENT 2: EFFECT OF CONTRALATERAL NOISE BANDWIDTH ON AM DETECTION
This experiment aimed at testing the effect of noise bandwidth on AM-detection thresholds. AM detection thresholds were measured in quiet, and in the early and late conditions for BBN and LBN. Only contralateral noises were used and the carrier level was fixed at 70 dB SPL. Because contralateral BBN elicitors suppress OAE levels more than narrow-band noise MOCR elicitors (Lilaonitkul and Guinan 2009a; Lisowska et al. 2002; Maison et al. 2000) , we expected the BBN to produce greater temporal effects on AMdetection thresholds than the LBN. We note that the bandwidth of the LBN was lower in frequency than the frequency of the AM carrier tone. This choice was made because contralateral narrow-band noise is more effective in activating the MOCR when its spectrum is centered half to one octave below the probe frequency than when it is centered at the probe frequency (see Lilaonitkul and Guinan 2009b) .
Twelve volunteers (eight women) participated in this experiment (mean age = 32.7 years, SD = 12.0 years). Five of them also participated in Experiment 1 and had audiometric thresholds ≤ 20 dB HL; the other seven participants had self-reported normal hearing and no history of hearing disorders. Figure 9a shows mean AM detection thresholds in quiet (circles) and in the presence of contralateral BBN (diamonds) and LBN (triangles). In noise, thresholds are shown for probes presented early and late in the noise. Pairwise comparisons showed that the mean threshold in quiet was not statistically different from the mean threshold in any of the four noise conditions.
Results
With contralateral BBN and LBN, eight of the twelve subjects showed better AM detection thresholds in the late than in the early condition (although the subjects in question were different for the two noise bandwidths). As a result, mean AM detection thresholds were lower in the late than in the early condition (Fig. 9a) . The temporal effect, however, was more pronounced for BBN than for LBN (Fig. 9b) .
A two-way RMANOVA was conducted to test for the effect of probe temporal position and noise bandwidth on AM detection threshold. The test indicated that AM detection thresholds were better (lower) in the late than in the early condition Post hoc analyses showed that the temporal effect was significant for the two noise bandwidths (BBN, p = 0.003; and LBN, p = 0.037). The RMANOVA also showed a significant effect of noise bandwidth; that is, AM detection thresholds were better (lower) for LBN than for BBN [F(1,11) = 12.4, p = 0.005]. The interaction between probe temporal position and noise bandwidth was significant [F(1,11) = 8.33, p = 0.015]. AM detection thresholds in the early condition were better for LBN than for BBN (p = 0.001), and were not statistically different in the late condition (p = 0.300). As a result, the temporal effect was significantly greater for BBN than for LBN (Fig. 9b) .
DISCUSSION
We have found a statistically significant temporal effect on AM detection for 70 dB SPL tonal carriers and for bilateral, ipsilateral and contralateral BBN. The magnitude of the effect was slightly larger for bilateral noises than for ipsilateral or contralateral noises, although the differences across noise lateralities was not statistically significant (Fig. 8b) . The effect also occurred for carriers at 25 dB SL for ipsilateral and bilateral BBN (Fig. 8c) , and its magnitude was not statistically different from that for 70 dB SPL carriers. We have also found a significant temporal effect on AM detection for contralateral LBN, though smaller in magnitude than the effect for contralateral BBN (Fig. 9b) .
Comparison with Earlier Studies
To our knowledge, no other study has measured temporal effects on AM detection using the stimulus design and conditions employed here. Nonetheless, insofar as is possible, a comparison between the present data and data reported in earlier related studies may be useful. Sheft and Yost (1990) measured the sensitivity for detecting AM segments in a broadband noise carrier presented monaurally. They reported that AM detection was easier (i.e., AM depth thresholds were smaller) when the modulated segment was preceded by 500-ms unmodulated carrier than when it was not. A careful analysis of their results reveals, however, that for an AM segment duration of 400 ms, this temporal effect occurred for modulation rates from 2 to 10 Hz but not for 40-Hz modulation rate (their Fig. 8 ), the modulation rate employed here. It also reveals that for 50-ms long AM segments, the temporal effect did not occur for 40-Hz modulation rate (compare the data in their Figs. 4 and 6) . In other words, no temporal effect was present in the data of Sheft and Yost (1990) for the stimuli and conditions most similar to those employed here. Almishaal et al. (2017) measured AM detection thresholds for a narrow-band noise carrier centered at 5 kHz in the presence and in the absence of an ipsilateral noise precursor with a spectral notch at the AM carrier frequency. They reported AM detection thresholds for 50-ms carriers to be 3-5 dB better with than without the precursor over the 65-85 dB SPL carrier level range (their Fig. 3) . Here, monaural AM detection thresholds were measured for probes at two temporal positions in simultaneous ipsilateral, contralateral and bilateral noise. The present stimulus design is thus different from that of Almishaal et al. (2017) . Nonetheless, the present AM detection thresholds for 70 dB SPL carriers and ipsilateral BBN (the stimuli and condition most similar to any of those explored by Almishaal et al. 2017) were 2.8 dB better in the late than in the early condition. Therefore, insofar as a comparison between the two studies is possible, the results from the two studies are broadly consistent with each other.
On the Suitability of Using a 1.5 kHz Carrier Frequency
We hypothesized that the MOCR may contribute a temporal effect on AM detection, hence the present stimuli were chosen to maximize MOCR effects. Specifically, we chose the AM carrier frequency to be 1.5 kHz based on the fact that, for BBN MOCR elicitors, the suppression of OAEs by the MOCR is greater for probes at 1 kHz than at 0.5 kHz or 4 kHz (Lilaonitkul and Guinan 2009a) . However, technical limitations prevented Lilaonitkul and Guinan from measuring MOCR suppression of OAEs at frequencies higher than 4 kHz and so it is uncertain if MOCR effects could be larger at higher frequencies. Based on psychoacoustical observations, some authors have argued that the MOCR is possibly stronger at higher frequencies. For example, the magnitude of overshoot on pure-tone detection is greater at frecuencies ≥ 4 kHz than at lower frequencies (Bacon and Takahashi 1992; Carlyon and White 1992) and contralateral BBN raises puretone detection thresholds more at 4 kHz than at 0.5 kHz (Aguilar et al. 2015) . Other authors, however, have reported larger thresholds increases in the presence of contralateral BBN at 2 kHz than at lower or higher frequencies (Kawase et al. 2003) . Therefore, though uncertain, it is possible that the temporal effects on AM detection may be greater for higher frequency carriers.
Possible Mechanisms Involved in the Temporal Effects on Carrier Detection
Several studies have shown that pure tone detection thresholds are higher in the presence of contralateral noise than in quiet when the tones are sufficiently delayed from the noise onset, an effect typically attributed to the noise activating the MOCR and thus reducing the BM gain for levels near threshold (e.g., Aguilar et al. 2015; Kawase et al. 2003) . Smith et al. (2000) supported that interpretation. They observed that, in macaque, tonal thresholds increased with contralateral noise and that the increase became smaller after sectioning of the MOC efferents. Consistent with the cited studies, the present carrier thresholds were significantly higher with contralateral noise in the late condition than in quiet (circles in Fig. 7) .
However, the MOCR alone cannot explain the found increase in carrier thresholds with contralateral noise. Carriers were short (50 ms) and thus insufficiently long to activate the MOCR by themselves. In addition, they were presented to the contralateral ear and thus could not have been masked by interaction with the noise in the auditory periphery. If a reduction in BM gain by the MOCR were the only mechanism responsible for the threshold increase, one would expect carrier thresholds to be similar in quiet and in the early condition, and to worsen (increase) in the late condition. Instead, thresholds were higher in the early condition than in quiet (Fig. 7) . Smith et al. (2000) argued that, although the elevation in tone thresholds by contralateral noise is mediated to some extent by the MOCR, the elevations for noise-target onset delays shorter than 100 ms reflect a Bpurely central processb ecause that delay is too short for the MOCR to be active. In other words, Smith et al. (2000) supported 'central masking' for short noise-target onset delays (Zwislocki et al. 1967) . Our elevated carrier thresholds with contralateral noise in the early condition also demonstrate 'central masking'.
Furthermore, we found thresholds with contralateral noise to be higher in the early than in the late condition; that is, we found overshoot with contralateral noise (Zwislocki et al. 1967) . Overshoot for ipsilateral noise has been traditionally explained by a reduction in BM gain by the MOCR (e.g., Jennings et al. 2016; Strickland 2001 Strickland , 2004 von Klitzing and Kohlrausch 1994) . However, because masking in the early condition is likely central in origin, it would be hard to explain how the MOCR could improve thresholds over time. Instead, it is conceivable that adaptation occurs in binaural, central auditory neurons. In other words, the improvement in carrier threshold from the early to the late conditions for contralateral noise suggests that adaptation unrelated to the MOCR occurs in binaural, central auditory neurons. This is in line with the conclusions from psychoacoustical (Fletcher et al. 2013 (Fletcher et al. , 2015 and physiological studies (Keefe et al. 2009; Verschooten et al. 2017 ) that suggest that overshoot is a product of central auditory processing. The nature of this processing is uncertain. Alternatively, the threshold increase in the early condition (relative to quiet) might reflect transient masking and the temporal effect a release from transient masking (e.g., Bacon and Moore, 1987) .
Possible Mechanisms Involved in the Temporal Effects on AM Detection
The existence of a temporal effect on AM detection for carriers with equal SLs minimizes the possibility that the effect was due to the carrier being more audible when presented later rather than earlier in the BBN. Instead, it seems reasonable to assume that the effect reflects an enhancement of AM depth in the late versus the early condition. The question is: what are the mechanisms responsible for this enhancement?
Several aspects in the present data suggest that the MOCR may be responsible for the enhancement. First, all participants had normal hearing and the noise level employed here is sufficient to activate the MOCR without activating the middle-ear muscle reflex (e.g., Aguilar et al. 2013; Lilaonitkul and Guinan 2009a) . Therefore, the MOCR must have been active during the experiment to some extent.
Second, for ipsilateral or bilateral noises, the temporal effect was consistent with the leading noise activating the MOCR. This activation would linearize BM input/ output curves and/or restore of the dynamic range of AN fibers. Either or both these mechanisms could enhance the representation of the AM envelope in the late condition (as shown in Fig. 1a, b) and thus facilitate AM detection. For contralateral noise, the temporal effect was consistent with the MOCR linearizing BM responses. This linearization would be consistent with us finding a significant temporal effect for the 70 dB SPL carrier but not for the 25 dB SL carrier (Fig. 8) . That is, a temporal effect did not occur for the 25 dB-SL carrier possibly because the carrier SPL (44 dB SPL, Table 1 ) fell within the low-level linear region of human BM responses (Lopez-Poveda et al. 2003; Johannesen and Lopez-Poveda 2008) , but did occur for the 70 dB SPL carrier because its level fell within the compressive region of human BM responses at 1.5 kHz (Fig. 10 in Johannesen and Lopez-Poveda 2008) . Admittedly, the BM linearization explanation would predict AM thresholds in the early condition to be better for the 25 dB SL than for 70 dB SPL, which was not the case perhaps because of the low sensation level of the 25 dB SL carriers. In an attempt to corroborate the linearization interpretation, we measured the temporal effect for contralateral noise using a higher carrier level at 50 dB SL, whose corresponding SPL (mean = 68 dB SPL) presumably fell within the compressive region of BM responses. In this case, the mean temporal effect was 3.1 dB and was statistically significant (Fig. 10) , thus supporting the idea that for contralateral noises, the temporal effect occurs by linearization of BM responses mostly when the carrier level falls within the compressive region of BM responses.
A third aspect in support of the MOCR interpretation is that previous studies have shown that contralateral NBN causes smaller reductions in OAE levels than BBN, regardless of whether the NBN spectrum is centered at or below the OAE test frequency (Maison et al. 2000; Lilaonitkul and Guinan 2009a) . The spectrum of the contralateral LBN used in the present Experiment 2 was below the carrier frequency while the BBN overlapped with it, and the magnitude of the temporal effect on AM detection was smaller for the LBN than for the BBN (Fig. 9b) , in qualitative agreement with the OAE data.
Lastly, we found a temporal effect on AM detection for both contralateral BBN and LBN (Fig. 9b) even though AM thresholds in the two noises and in the two temporal positions were not statistically different from the thresholds in quiet (Fig. 9a) . In other words, for contralateral noise, the temporal effect occurred even in the absence of AM masking. The two AN ratelevel functions for the quiet condition in Fig. 1b provide a possible explanation for this finding. In this example, the contralateral noise would not mask the AM probe because the noise is contralateral to the test ear but would activate the contralateral MOCR. The activation of the MOCR would inhibit BM responses and thus shift the AN rate-level function rightward. The horizontal shift would enhance the representation of AM depth in the AN discharge rate, and thus AM sensitivity.
By contrast, other aspects in the present data dispute the idea that the MOCR is responsible for the temporal effects in AM detection. First, previous studies have shown that ipsilateral and contralateral BBNs cause comparable reductions in OAE levels Lilaonitkul and Guinan 2009a) while bilateral BBN induces greater reductions than ipsilateral or contralateral BBN (Berlin et al. 1995; Guinan et al. 2003; Lilaonitkul and Guinan 2009a) . If the reductions in OAE levels reflect a linearization of BM motion caused by activation of the MOCR, and if the present temporal effect on AM detection were mediated by that same mechanism, one would expect the magnitude of the temporal effect to be comparable for ipsilateral and contralateral BBN, but larger for bilateral BBN. In contrast with this expectation, the magnitude of the temporal effect on AM detection was not statistically different across noise lateralities, either for fixed-SPL (Fig. 8b) or fixed-SL carriers (Fig. 8c) .
Second, the present data provide evidence for central masking in AM detection. For example: (1) AM detection thresholds for the 70 dB SPL carrier were better for ipsilateral than for bilateral BBN, in both the early and late conditions (Fig. 7) . This is difficult to understand considering that carrier detection thresholds were higher for ipsilateral than for bilateral noise and, consequently, that carrier audibility was slightly better in the condition with the bilateral noise. (2) The effects of contralateral BBN on AM thresholds were similar to its effects on carrier thresholds (Fig. 7) ; namely, mean AM thresholds tended to be higher (worse) in the early condition than in quiet (albeit not statistically significantly) and improved in the late condition to values in quiet. As for carrier thresholds, it would be difficult to explain this pattern based on MOCR effects alone. Altogether, this suggests that the detection of monaural AM cues is likely a central process that integrates inputs from the two ears. Therefore, it is conceivable that t h e c e n t r a l a d a p t a t i o n a n d / o r t r a n s i e n t masking mechanisms described in the preceding section (to explain overshoot with contralateral BBN in carrier thresholds) also contribute to the temporal effects in AM detection.
Third, as illustrated in Fig. 1c , dynamic range adaptation could also enhance the neural representation of AM depth in noise, and its time course and 160 ms in the inferior colliculus (Dean et al. 2008) ] is compatible with the temporal effect in AM detection reported here. Therefore, it is conceivable that dynamic range adaptation also contributes to the temporal effect in AM detection. In summary, some aspects in the present data suggest that the MOCR may be responsible for the found temporal effects in AM detection while others point to more central processes.
Implications
It is generally agreed that the slow fluctuations in the envelope of speech in different spectral channels carry critical information for intelligibility (e.g., Shannon et al. 1995) . Indeed, most cochlear implant users understand speech by using solely amplitude modulated electrical pulses (Wilson et al. 1991) . It is generally accepted that the MOCR facilitates the reception of speech in noise by facilitating the representation of transient speech features in the AN response (reviewed by Guinan 2006) . Assuming that the MOCR is involved to some extent in the present temporal effects on AM detection, the present results indicate that the MOCR may also help by enhancing AM cues. This idea is supported by recent evidence that cochlear implant users show better speech-in-noise intelligibility with a binaural sound coding strategies inspired by the MOCR than with standard strategies (Lopez-Poveda 2015; Lopez-Poveda et al. 2016 . It remains uncertain, however, to what extent this intelligibility improvement is actually due to the MOCR-inspired strategy enhancing AM cues per se or to other concomitant benefits (see the Discussion in Lopez-Poveda et al. 2016 ).
CONCLUSIONS
1. There is a temporal effect (or 'overshoot') on AMdepth sensitivity in noise: AM detection thresholds are 2 to 4 dB better when the AM carrier is presented later than earlier in broad-band noise. 2. The temporal effect occurs for bilateral, ipsilateral, and contralateral noises, and the magnitude is not statistically different across noise lateralities. 3. For contralateral noises, the temporal effect was larger for broadband than for low-band noises. 4. The temporal effect on AM-depth detection is not due to 'overshoot' on carrier audibility. Instead, some of its characteristics appear consistent with the MOCR enhancing envelope cues in the peripheral auditory response, while others suggest that the enhancement is due to more central processes.
5. Incidentally, the present data suggest some central effects on carrier detection and AM detection.
